SUMMARY A process is described by which hydrocephalus shunt catheters can be impregnated with antimicrobials. The processed catheters showed antimicrobial activity at their surfaces for long periods and could be sterilised by autoclaving. When tested in vitro in a model of catheter colonisation using large challenge doses of Staphylococcus epidermidis and prolonged perfusion, some antimicrobials failed to protect against colonisation whereas others protected against one or two challenges. A combination of rifampicin and clindamycin gave best results, protecting against three successive challenges over a 28 day perfusion period. Resistant organisms did not develop. The process is likely to be useful in prevention of hydrocephalus shunt infection.
The reported incidence of hydrocephalus shunt infections ranges from 1% to 39% of operations'2 with a national average of about 10%. In most cases the causative organisms originate on the patient's skin and gain access to the shunt system during its insertion or revision. 3 There is an additional slight risk later due to needling of the shunt for pressure measurement or fluid aspiration.
The organisms most commonly involved are gram positive, with coagulase negative staphylococci predominating.
Various attempts to prevent shunt infections have been made, including modifications oftechnique'3 and the use of prophylactic antibiotics,4 and in some cases the rate of infection has diminished. However, shunt infection is still a major problem in most centres, causing considerable morbidity and some mortality as well as consuming resources extensively.
Similar infections are encountered with most implantable devices, including cardiac valves and patches, central venous catheters, vascular grafts and pacemaker capsules. Attempts have been made to make such implants resistant to infection by various methods involving direct or indirect bonding of antimicrobials to the implant surface,5'0 with variable success. Using a different approach, Kingston et al" mixed a disinfectant into three implantable polymers before processing. With one exception,9 the processes have involved polymers such as polytetra-fluoroethylene (PTFE), polyethylene and dacron, which are used mainly for vascular grafts, but they have not been used with silicone elastomer. Varieties of this material are widely used for central venous catheters, pacemaker capsules, artificial urinary sphincters and small joint replacements as well as for hydrocephalus shunts. Several methods have been developed and assessed for incorporating antimicrobials into silicone elastomer'2'5 and one has been found suitable for use after the manufacturing process has been completed. ' 4'" The process results in complete incorporation of the antimicrobial into the elastomer matrix without discernible effect on its appearance on electron microscopy or on its mechanical properties, while conferring long-lasting antimicrobial activity at the surface of the implant, which may be autoclaved without significant loss of activity. Evaluation in vitro of the protection against bacterial colonisation conferred by this process is reported here.
Methods

Incorporation ofantimicrobials
The antimicrobials studied were rifampicin, trimethoprim, spiramycin [ Bayston, Grove, Siegel, Lawellin, Barsham
In Vitro Challenge The model of catheter colonisation was that described previously.'67 Briefly, the test catheter is inserted into a controlled-environment chamber and autoclaved. The chamber is then connected to a heated water circuit and maintained at 37°C throughout. The catheter is perfused with nutrient fluid, in this case brain-heart infusion medium (Oxoid UK), at a controlled rate. All procedures are carried out using vigorous aseptic technique to avoid contamination.
The challenge organism was a strain of Staphylococcus epidermidis whose biochemical and other characteristics were known in detail, and which had been isolated from a colonised shunt. It was susceptible to all the antimicrobials used in the process. The challenge dose consisted of 1 ml ofan overnight culture of the organism in brain heart infusion, found by viable counting to contain 1 x 107 -1 x 108 colony-forming units per ml. After injection of the challenge dose, the catheters were perfused at a rate of 10 ml per hour. An unprocessed translucent catheter was included as a control to ensure that the challenge organism was capable of colonising, and all were tested in triplicate. A detailed description ofthe model and ofthe challenge and monitoring procedure is given elsewhere."' The catheters were examined visually each day and samples of perfusion fluid were collected periodically for culture. If no colonisation was detected after 2 weeks' perfusion, a second challenge dose was given, with a second control catheter. Again, if the test catheters remained free of colonisation after a further 2 weeks' perfusion, a third challenge was made with a third control catheter, followed again by monitoring and perfusion for 2 weeks. Any catheters remaining apparently uncolonised were then removed from the system and examined thoroughly for bacteria using a flushing technique.'8 Any organisms isolated from the catheters at any stage were carefully identified and their characteristics compared to those of the challenge organisms in order to discount contamination. They were also tested for susceptibility to the antimicrobials present in the catheter from which they had been recovered.
Results
The combination of trimethoprim and clindamycin hydrochloride could not be tested owing to chemical incompatibility of the two antimicrobials in the impregnation process.
Preliminary testing of all processed, autoclaved catheters on bridge plates showed antimicrobial activity (fig). Segments not containing antimicrobials showed no activity.
Results of challenge of catheters which had been processed using a concentration of each antimicrobial of0-2% w/v are shown in table 1. The combinations of diethanolamine fusidate with trimethoprim and one of the three catheters containing rifampicin with spiramycin failed to protect against the first challenge, as did all the catheters containing single antimicrobials with the exception of rifampicin. The remaining two catheters with rifampicin and spiramycin, those with rifampicin and trimethoprim, and those with rifam-Prevention ofhydrocephalus shunt catheter colonisation in vitro by impregnation with antimicrobials picin alone withstood the first challenge but failed to protect against the second. Only those catheters containing rifampicin with clindamycin hydrochloride withstood all three challenges.
The results of further studies using different concentrations of rifampicin and clindamycin are shown in table 2. Those catheters processed with less than 0-1% of each antimicrobial failed to withstand the first challenge. Of the six catheters processed with 0-1%, five withstood the first two challenges but became colonised after the third. Impregnation with diethanolamine fusidate and rifampicin, both at 01I%, resulted in colonisation of four catheters on first challenge and the remaining two on second challenge. Once again, only those processed with 0-2% of rifampicin and clindamycin hydrochloride withstood all three challenges.
None of the organisms isolated from the catheters which became colonised showed resistance to the antimicrobials used, all minimum inhibitory concentrations (MIC) remaining unchanged compared to those of the inocula.
Discussion
The antimicrobials were chosen according to several criteria. The first was that they should be capable of molecular migration through crosslinked silicone elastomer, an index of this being solubility in chloroform.'9 The second criterion was that they should be active against most strains of staphylococci, and the third was that they should have been administered systemically in humans without known significant risk of hypersensitivity or toxicity. The fourth Hypersensitivity caused by the antimicrobials used here has been reported only occasionally, and toxic side-effects have been associated with prolonged therapeutic use or high dosage. The total concentration of antimicrobial in a processed shunt has been found to be less than a single therapeutic dose, and this is released slowly over several weeks, making major organ toxicity such as hepatic dysfunction very unlikely. A further possibility is the local accumulation of antimicrobial in the tissues immediately adjacent to the catheter with local toxicity or irritation. However, animal toxicological studies have not shown any such local or systemic irritation or toxicity in a variety of tissues including neonatal brain (Bayston et al, unpublished) . When processed autoclaved catheters were incubated on bridge plates they showed acceptable activity. This test serves as a preliminary screen prior to perfusion and challenge tests. While the method tests the external surface of the catheter rather than the luminal surface, the antimicrobial activity at each surface is similar after this process and the screening test gives a useful indication ofactivity at the luminal surface.
The drug combination which appeared to give best results in the perfusion test was rifampicin with clindamycin hydrochloride, both at a concentration of 0-2% w/v in the impregnation fluid. Attempts to decrease the concentration of the antimicrobials led to failure of protection for the target period, as shown in table 2. The 28 day period of protection in vitro was chosen in order to ensure protection over the operative and immediate postoperative period and in terms of the main period of risk of infection in shunts is probably excessive, but the period of risk in other 608 implants sometimes extends beyond this. Also, no protection by this process would be expected against shunt infection arising later from causes such as visceral perforation.
Almost all coagulase negative staphylococci isolated from colonised shunts are susceptible to rifampicin, and the majority are susceptible to clindamycin hydrochloride.20 When rifampicin is used alone therapeutically, resistance develops rapidly2' and this is the main reason for combining it with another antimicrobial. There may be other benefits from the use of the chosen combination of rifampicin and clindamycin hydrochloride, as combinations with other antimicrobials were shown to be inferior. For example, it has been suggested that clindamycin prevents attachment of organisms to implants,22 though this antimicrobial alone had no effect in our study.
No resistant organisms were found among those isolated from catheters which became colonised, suggesting that failure to protect was probably due to inadequate antimicrobial activity at the surface of the catheter. In those catheters where protection failed at the time ofsecond or third challenge, implying that the adequate antimicrobial activity present on first challenge had waned, colonising organisms still had the same MIC as the inoculum. This shows that resistance does not develop even when the antimicrobials are present in sub-lethal amounts. The finding also suggests that development of resistance in clinical use will not be a problem. The hydrocephalus shunt is not continuously exposed to skin flora as in the central venous catheter, where resistance could develop around the entry site. In addition, animal studies indicate that tissue, plasma and urine levels of antimicrobials are likely to be far too low to affect the normal flora of the skin, alimentary tract and mucous membranes (Bayston et al, unpublished) .
The in vitro model of catheter colonisation is intentionally concerned with colonisation of the luminal surface. Very soon after silicone elastomer implants are inserted into the body, their surfaces which are in contact with blood or tissue become coated with fibronectin, fibrin, albumen and other materials which significantly change the nature of the surface of the implant.23 However, such biocoatings are not usually seen on the luminal surfaces of hydrocephalus shunts. In addition, luminal colonisation, usually by coagulase negative staphylococci, is much more common than external infection which constitutes a wound infection around a foreign body and is usually due to Staph. aureus or gram negative bacteria. The impregnation process is intended to protect against luminal colonisation though it may in some cases also reduce the risk of external infections.
The size of the bacterial challenge is several orders Bayston, Grove, Siegel, Lawellin, Barsham of magnitude higher than that to be expected clinically2425 but is similar to that used in animal challenge studies and in our hands was found to be necessary to ensure consistent colonisation of control catheters in vitro. Even so, the catheters impregnated with rifampicin and clindamycin hydrochloride using a 0-2% solution were able to withstand three successive challenges of this size.
Several attempts have been made by others to confer antibacterial activity on implants. Early attempts involved the bonding ofpenicillin or oxacillin to PTFE using benzalkonium chloride or tridodecylmethylammonium chloride (TDMAC). '9 This method has the disadvantage of short duration of activity, not exceeding a few days. Also, catheters with bonded antimicrobial cannot be sterilised8 and would therefore be at risk of contamination from gram negative bacteria, especially pseudomonas, and fungi. The coating process is not likely to be suitable for hydrocephalus shunts as benzalkonium chloride and TDMAC cannot be used in contact with nervous tissue, and the coating might have a deleterious effect on the function of valve mechanisms which are known to be susceptible to changes in surface properties ofthe elastomer. Similarly, the coating method described by Modak et al '°for PTFE grafts has short duration, cannot be sterilised and uses potentially neurotoxic materials.
The method described by Kingston et al," in which the disinfectant trichlorohydroxydiphenylether (Irgasan DP 300, Ciba-Geigy) was mixed into implantable thermoplastics before moulding, gave very long-lasting activity but once again the agent has not been tested for neurotoxicity by the authors. Manufacturer's data on toxicology suggest that the substance would be irritant or toxic to some tissues if implanted. In addition the concentrations required in order to give the desired activity would almost certainly have deleterious mechanical effects on silicone valve mechanisms.'4 The process described here using rifampicin and clindamycin hydrochloride has been shown to result in intimate incorporation of the antimicrobials in the matrix of the silicone elastomer,'9 with the absence of particles or cavitations. The mixing of particles into the matrix would also be likely to lead to significant changes in mechanical properties if they were to be removed by aqueous dissolution after implantation, leaving a spongiform texture.
Catheters processed with rifampicin and clindamycin hydrochloride using a 0-2% solution have been shown to resist three consecutive massive challenges over 28 days ofconstant perfusion. While resistance of the first challenge only, as was found with these two antimicrobials at 0-1% as well as with trimethoprim with rifampicin and rifampicin alone, would probably
